The senescence-accelerated mouse (SAM) is an experimental model of aging, established through phenotypic selection from a common genetic pool of AKR/J mice. Here we use complementary DNA microarray, Western blot, and electrophoretic mobility shift assay to consider whether changes in liver gene expression observed in 5-month-old SAM-prone 8 (P8) mice, compared to SAM-R1 controls, are similar to those reported in aged rodents. Livers from SAM-P8 mice presented 88 differentially expressed transcripts, 59% of which were upregulated and 41% were downregulated. Of these, 14% were related to inflammatory/immunity processes, 10% were related to the xenobiotic metabolism (XM) and 3% to nervous system pathophysiology (NSP). Depressed expression and activity of genes related to XM, and altered expression of genes related to NSP, are similar to changes observed in aged rodents. Increased expression of heat shock protein 1 and Jun-B, reduced activity of activator protein 1 and absence of nuclear factor-jB activation indicate the lack of a strong liver inflammatory response in 5-month-old SAM-P8 mice.
M
EDICAL advances during the past century have increased the average life span for humans; as a consequence, the number of elderly people in western societies has been continuously growing, and it is estimated that by the year 2050, nearly 25% of Americans will be at least 65 years old (1) . As the number of people reaching advanced age increases, there will be an associated need for increased medical care. Despite this situation, the molecular changes underlying the physiological decline associated with senescence are poorly defined.
With aging comes a decline in physiologic function in most organ systems (2) . Work from different laboratories including our own has shown that humans and rodents share common phenotypical changes associated with liver senescence. These include increased plasma and liver tissue triglyceride content and decreased hepatic fatty acid oxidation (3) (4) (5) (6) . In addition to regulating lipid and carbohydrate metabolism, the liver plays a pivotal role in the breakdown of potentially toxic lipophilic endotoxins and xenotoxins, as well as in the production of many kinds of serum proteins implicated in the control of hormonal, inflammatory, and coagulation processes. Through these and other processes the liver influences entire body physiology in many ways, suggesting that the elucidation of the age-related changes in gene expression in the liver may lead to a better understanding (and thereby treatment) of physiological dysfunction in the elderly population.
The senescence-accelerated mouse (SAM) is an experimental model of aging, established through phenotypic selection (based on the degree of senescence, the life span, and the age-associated pathologic phenotypes) from a common genetic pool of AKR/J strain mice. The SAM-resistant (R) series (substrains SAM-R1, 4, and 5) exhibit normal aging characteristics, whereas the SAM-prone (P) series (substrains SAM-P1-3 and 6-11) display accelerated aging, including loss of skin glossiness, increased skin coarseness, hair loss, periophthalmic lesions, and increased lordokyphosis of the spine (7) . SAM-P8 mice are characterized by both accelerated aging and neuronal dysfunctions (8) , appearing from age 2 to 8 months, and severe liver pathology with fatty degeneration and inflammatory mononuclear cell infiltration at late age (10 months and older age) (9) . The life span of SAM-P8 mice ranges from 10 to 17 months, whereas SAM-R1 mice live for 19-21 months and age normally with an increased propensity for nonthymic lymphoma, histiocytic sarcoma, and ovarian cyst.
In this study, we used Affymetrix GeneChips arrays to characterize differences between the liver gene expression patterns of 5-month-old SAM-P8 and SAM-R1 mice [before the appearance of severe liver pathology in the SAM-P8 mice strain (9) ]. Our results indicate that, besides specific changes in lipid metabolism [as described in our previous article (6) ], the livers of SAM-P8 mice show marked changes in the expression of genes related to inflammatory/ immune processes, xenobiotic metabolism, and nervous system pathophysiology.
MATERIAL AND METHODS

Animals and Experimental Design
Five male SAM-P8 mice and SAM-R1 mice were provided by Harlan Interfauna Ibérica (Barcelona, Spain).
All the mice were bred under standard conditions with free access to food and water. After 5 months, the mice were killed under pentobarbitone anesthesia. Animal handling and disposal were performed in accordance with the 5/1995 Act of July 21, of the Generalitat de Catalunya regional authority.
Sample Preparations
Blood samples were collected at the time of death in 5% EDTA tubes; plasma was obtained by centrifugation and stored at À808C until needed. Mice livers were excised and perfused in 0.9% NaCl. Liver tissue (150 mg from each animal) was homogenized in a 150 mM NaCl, 1 mM dithiothreitol, 30 mM EDTA, 50 mM KH 2 PO 4 , pH 7.4, buffer to obtain the postnuclear supernatant fraction by centrifugation and stored at À808C until needed. Liver tissue (10-100 mg) was immediately frozen in liquid N 2 and stored at À808C until used for total RNA extraction. Two additional liver samples (150 mg) were stored at À808C for quantifying liver lipids and to obtain nuclear protein extracts. The nuclear extracts were isolated using the Helenius method (10). The protein concentration of each fraction was determined by the Bradford method (11).
Lipids, Glucose, and Insulin Determination
Plasma triglyceride, non-esterified fatty acids, total cholesterol, and glucose concentrations were measured using triglyceride L-type, NEFAC, Chol-H L-type, and glucose kit tests, respectively (Wako Chemicals GmbH; Neuss, West Germany). Plasma insulin concentration was determined with the Rat Insulin radioimmunoassay kit (RPA547; Amersham Biosciences Europe GmbH, Freiburg, Germany). Liver lipids were extracted and measured as described previously, using the homogenate fraction (12) .
Hepatic fatty acid ß-oxidation activity was determined as described previously (13) , using 30 lg of postnuclear supernatant of each sample.
Arrays
Six total RNA pools were prepared, three for SAM-P8 mice and three for SAM-R1 mice. Each pool was prepared with the same amount of RNA from two different SAM mice, with a total of six mice in each of two test groups (SAM-P8 and SAM-R1). The RNA pools were used to analyze gene expression profiles through microarray technology supplied by Progenika BioPharma S.A. (Derio, Spain). This company is part of the Spanish National Network on Genetic Hyperlipidemia, to which our research group also belongs. Briefly, complementary DNA (cDNA) was prepared by reverse transcription, and biotinylated RNA was prepared according to the Affymetrix protocol (Affymetrix Inc., Santa Clara, CA). Labeled cDNA was purified using the GeneChip Sample Cleanup Module from Affymetrix, fragmented, and hybridized to the Affymetrix Mouse Genome 430A 2.0 GeneChip array. All six hybridized arrays were considered of sufficient quality to be further analyzed, according to the presence of spike controls and the 39/59 sequence ratio of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Array Data Processing and Analysis
GeneChip arrays were washed and scanned using a GeneArray Scanner, and scanned images were quantified according to Affymetrix standard procedures to obtain signal intensity for each gene in each array. Using the Affymetrix software GCOS 1.1, we calculated the mean intensity of each array, and the arrays were linearly scaled to an average expression level of 100. Signals were normalized by using GeneSpring 7.1 software by dividing each gene by the median of its measurements in all samples.
To identify the genes that were significantly different in SAM-P8 compared to SAM-R1 mice, we applied two methods based on different mathematical formulae: (i) a comparison algorithm using the GCOS 1.1 software (pairwise comparisons [nine9 in total] were performed, and only sequences that were overexpressed or repressed in at least 7 of the 9 comparisons were selected; and (ii) a parametric analysis of variance test, performed using GeneSpring 7.1 software, where only the changes with a p value .05 were considered. As a result, two different lists of genes were obtained, and only the genes appearing on both lists were considered to be differentially expressed.
Real-Time Reverse Transcription-Polymerase Chain Reaction
To confirm the expression patterns of upregulated or downregulated genes, we chose several genes for further analysis by using relative quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) in a 96-well format. Complementary DNA from the same RNA samples used in microarray experiments was synthesized as described previously (14) . RT-PCR was performed by using the Perkin-Elmer ABI Prism 7700 sequence detection system, using the TaqMan Universal PCR Master Mix, PCR primers, and TaqMan probes obtained from TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA). As an internal control, primers for GAPDH were amplified in parallel with the genes of interest. All the analyses were run in triplicate. Sequence detector software (S.D.S 1.9.1) was used for data analysis. A threshold cycle value (C T ) was obtained for each amplification plot, and after normalization by the reference gene GAPDH, the relative expression ratio for each gene was calculated, based on the difference between the mean C T of a sample and the corresponding control situation.
Electrophoretic Mobility Shift Assays
Double-stranded oligonucleotide DNA sequences were the consensus binding site of the activator protein 1 (AP-1) response element (59-CGCTTGATGAGTCAGCCGGAA-39) from Promega (Madison, WI) and the mouse constitutive activated receptor (mCAR) response element (59-GACTCTGTACTTTCCTGACCTTGGCA-39). Oligonucleotides were labeled, and electrophoretic mobility shift assays (EMSAs) were performed exactly as previously described (15) . For supershift assays, antibodies were added before incubation with labeled probe for another 30 minutes at 48C. Antibodies against c-Jun and octamer motif-1 Notes: *UDP glycosyltransferase 3 family, polypeptide A1; catechol-O-methyltransferase; immunoglobulin j-chain, constant region; and heat shock protein 1 transcripts appeared twice in the common list of genes; the one with the highest fold change is presented. transcription factor (Oct-1) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Western Blot Analysis
Liver total protein (30 lg, for heat shock protein 1 [HSP1]) or crude nuclear extract (for Jun-B) was subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were then transferred to Immobilon polyvinylidene difluoride transfer membranes (Millipore, Bedford, MA) and blocked for 1 hour at room temperature with 5% nonfat milk solution in Tris-buffered saline-0.1% Tween 20. Membranes were then incubated with the primary polyclonal antibody raised against HSP1 (dilution 1:5000) and Jun-B (dilution 1:200) in TBS-0.1% Tween 20 with 5% nonfat milk at 48C overnight. After several washes, they were incubated with horseradish peroxidase (HRP)-conjugated antirabbit immunoglobulin G (1:3000 dilution).
Detection was achieved using the ECL chemiluminescence kit for HRP (Amersham Biosciences Europe). To confirm the uniformity of protein loading in each lane, the blots were incubated with b-actin protein. The size of detected proteins was estimated using protein molecular-mass standards (Invitrogen, Life Technologies, Carlsbad, CA). All antibodies (except HSP1 that was from R&D Systems, Minneapolis, MN) were obtained from Santa Cruz Biotechnology.
Statistical Analysis
The results are expressed as the mean of n values 6 standard deviation. Plasma samples were assayed in duplicate. Significant differences were established by the unpaired t test, using the computer program GraphPad InStat (GraphPad Software V2.03). When the variance was not homogeneous, a nonparametric test was performed Notes: *Adenylate kinase 3 a-like 1 transcript appeared twice in the common list of genes; the one with the highest fold change is presented. SAM-P8 ¼ Senescence-accelerated mouse-prone 8; SAM-R1 ¼ senescence-accelerated mouse-resistant 1; CoA ¼ coenzyme A; cDNA ¼ complementary DNA.
(Mann-Whitney U test). The level of statistical significance was set at p , .05.
RESULTS
Five month-old SAM-P8 mice were hypertriglyceridemic and had hepatic steatosis and a reduced capacity for hepatic fatty acid oxidation compared to control SAM-R1 mice [detailed results have been published in (6)]. Livers from 5-month-old SAM-P8 mice presented 88 differentially expressed transcripts vis-à-vis control SAM-R1 mice. Of these, 52 were upregulated (59%, Table 1), and 36 were downregulated (41%, Table 2 ). Twenty percent of differentially expressed transcripts had unknown functions. A significant proportion (26%) was related to lipid metabolism, with 10 genes upregulated (11%) and 13 genes downregulated (15%) in SAM-P8 mice; the validity and significance of these genes has been reported in a previous publication (6) . In the present work, we report the real-time RT-PCR validation of several genes selected on the basis of their fold-change and biological relevance related to: (i) inflammatory/immune processes (14% differentially expressed transcripts), (ii) xenobiotic metabolism (10% differentially expressed transcripts), and (iii) nervous system pathophysiology (3% differentially expressed transcripts).
Genes Related to Inflammatory/Immune Processes
To confirm our results, five genes were selected for analysis by real-time RT-PCR on the basis of their foldchange and/or biological relevance. As shown in Figure 1 , all of them showed similar changes in their specific messenger RNA (mRNA) content between the cDNA arrays and the RT-PCR assays. We determined also the content of HSP1 and Jun-B oncogene (Jun-B) proteins in hepatic samples from SAM-R1 and SAM-P8 mice. Both proteins are elevated (Figure 2) although, in the case of HSP1, the observed protein fold increase in SAM-P8 mice (1.35x vs SAM-R1 controls) was much lower than the corresponding increase in its mRNA levels (around 4x vs SAM-R1 controls).
AP-1 is a transcription factor involved in immune and inflammatory processes. It is not a single protein, but a dimer composed of several combinations of proteins from the Jun, Fos, Maf, and ATF families of proteins. Among the Jun family of proteins, c-Jun is a common constituent of the AP-1 dimer and one of the most potent transcriptional activators, whereas Jun-B attenuates or even antagonizes AP-1 activity (16) . We determined the AP-1 binding activity of liver nuclear extracts from SAM-R1 and SAM-P8 mice. Nuclear extracts from SAM-R1 mice incubated in the presence of an AP-1 response element oligonucleotide produced two specific bands that disappeared in the presence of an excess of unlabeled probe ( Figure 3A) ; band I was supershifted in the presence of c-Jun antibody (see supershifted band IC in Figure 3A) , confirming the involvement of AP-I at least in the formation of band I. Band I, the band with the highest binding intensity, and band II, were undetectable in gel-shift assays performed with liver nuclear extracts obtained from SAM-P8 mice ( Figure 3B ), indicating a possible antagonizing effect of the high hepatic levels of Jun-B on AP-1 binding activity in these animals. Furthermore, we assayed the binding activity of another nuclear factor related to inflammatory processes, nuclear factor jB (NF-jB). Liver nuclear extracts from SAM-R1 mice incubated in the presence of an NF-jB response oligonucleotide produced three specific bands that disappeared in the presence of an excess of unlabeled probe ( Figure 4A ). No significant change in the intensity of any of the three specific bands was detected in gel-shift assays performed with liver nuclear extracts from SAM-P8 mice ( Figure 4B ).
Genes Related to Xenobiotic Metabolism
To confirm our results, two genes were selected for analysis by real-time PCR on the basis of their fold-change and/or biological relevance. As shown in Figure 5A , the genes showed similar changes in their specific mRNA content according to the cDNA arrays and the RT-PCR assays. D site albumin promoter binding protein (Dbp) is a proline and acidic amino acid-rich (PAR)-domain basic leucine zipper transcription factor that, among other known functions, controls the expression of CAR (17) . We determined the CAR binding activity of liver nuclear extracts from SAM-R1 and SAM-P8 mice; nuclear extracts from SAM-R1 mice incubated in the presence of a CAR response element oligonucleotide produced two specific bands that disappeared in the presence of an excess of unlabeled probe ( Figure 6A ). Although the intensity of band I in gel-shift assays performed with liver nuclear extracts was the same for SAM-P8 and SAM-R1 mice ( Figure 6B ), the intensity of band II was significantly reduced in the SAM-P8 mice, in accordance with the reduced expression and binding activity of CAR.
Genes Related to Nervous System Pathophysiology
To confirm our results, three genes were selected for analysis by real-time PCR on the basis of their fold-change and/or biological relevance. As shown in Figure 5B , all of them showed similar changes in their specific mRNA content between the cDNA arrays and the RT-PCR assays, although RT-PCR results for the presenilin 2 (Psen2) gene did not reach statistical significance.
DISCUSSION
The rare inbred mouse strain generated by breeding and selection and known as the SAM-P8, in which the features of senescence become apparent at 4 months of age, has been proposed as an appropriate model for studying the complex process of aging in gerontological research (18) . Besides its role in orchestrating whole-body lipid and glucose metabolism, the liver is critical in the production of many plasma proteins involved in physiological processes and in the breakdown of potentially toxic lipophilic toxins. Aging profoundly affects these liver activities, contributing to the decline of healthy functioning of the whole organism. Triglyceride accretion and a deficit in hepatic fatty acid oxidation appear to be common phenotypic features of the aging process in mammals (including the SAM-P8 mouse). However, our previous work (6) has demonstrated that the molecular alteration responsible for these metabolic irregularities differs between ''physiological'' aging in rodents and in the SAM-P8 mouse. This study indicates that there are other differences in liver gene expression, as well as similarities, between the SAM-P8 mouse model and the normal aging process in rodents.
SAM-P8 mice show age-related memory deficits related to central nervous system neurodegeneration (8). Although we have studied hepatic samples, changes in the expression of genes related the nervous system pathophysiology in livers of SAM-P8 mice are consistent with an accelerated process of neurodegeneration in these animals. N-myc downstream-regulated gene 1 (Ndrg1) is localized in the cytoplasm of myelinating Schwann cells, and it is essential for maintenance of the myelin sheaths in peripheral nerves (19, 20) . Its increased expression in liver samples from SAM-P8 mice could be a reflection of an active process of nerve remodeling and regeneration as a result of increasing neurodegeneration and axonal loss (21) . Among their functions, presenilin proteins, including Psen2, are essential for myelopoiesis (22) and for the maintenance of cortical structures and function (23) . Furthermore, arylsulfatase A (Arsa) activity is also essential for myelin formation (24) . Thus, the reduced expression of Psen2 and Arsa in SAM-P8 liver samples appears to indicate a neurodegenerative process taking place in these animals. Nevertheless, it must be borne in mind that it is not possible to directly correlate changes in gene expression from one tissue to another, as an increase has been reported in Psen2 in hippocampus and cerebral cortex of SAM-P8 mice (25) .
Aging is associated, whether or not as a causative factor, with an increased production of oxidative products in body tissues (26) , underlying the progressive increased prevalence of chronic inflammatory processes in mammals (27) . The results obtained with liver samples from SAM-P8 mice indicate that, at least at 5 month of age, there is a robust antiinflammatory response in liver tissue that keeps inflammation at bay. Tissue factor pathway inhibitor-2 (Tfpi2) and transformation-related protein 53/inducible nuclear protein 53 (Trp53) expression is increased in several pathophysiological situations, including cancer and inflammatory processes (28, 29) . Thus, their increased expression in livers from SAM-P8 mice, confirmed by the RT-PCR data, indicates that inflammation is taking place in the liver tissue of SAM-P8 mice. However, HSP1 (known also as HSP27) and Jun-B were also highly upregulated in the livers of SAM-P8 mice. HSPs are a group of proteins that accumulate in cells stressed by a variety of stimuli and pathophysiological situations, such as inflammation, ischemia, and cancer (30) . Thus far, all age-related studies agree that HSP expression decreases with age and is linked to the proinflammatory status of the elderly population (30) . The fact that livers of SAM-P8 had an increased expression of HSP1 indicates that, in these animals, a strong counter-antiinflammatory response is taking place. The increased expression of Jun-B points in the same direction, as it is probably related to the observed reduced binding activity of the pro-inflammatory transcription factor AP-1 (16) in liver samples from SAM-P8 mice. Furthermore, the binding activity of NF-jB, a transcription factor mainly involved in the transduction of inflammatory signals (31) , was unchanged in livers from SAM-P8 mice; NF-kB activity has been reported to be higher in the livers of aged rats (32) and mice (33) . Thus, the overall picture indicates that 5-monthold SAM-P8 mouse livers cope with inflammatory processes by activating counter-regulatory measures. It is interesting to note that the expression of trefoil factor 3, intestinal (Tff3), a protein markedly increased during liver inflammatory processes and cancer progression (34) , is reduced in the livers of SAM-P8 mice.
Aged mammals show a progressive impairment in the activity of liver-detoxifying enzymes, either by transcriptional or post-transcriptional mechanisms (35) . CAR is one of the main transcription factors involved in controlling the expression of drug-metabolizing enzymes (36) . Livers from SAM-P8 mice show a marked decrease in the expression and binding activity of CAR and in the expression of Dbp, a transcription factor controlling the expression of CAR. Such a decrease could imply a serious deterioration in the capacity of SAM-P8 mouse livers to metabolize toxic xenobiotics. This deterioration in xenobiotic metabolism could be one of the triggers of the early appearance of severe liver disease in this strain of mice (9), and also of the abovementioned changes in the expression of pro-and antiinflammatory factors. Indeed, PAR bZip triple knockout mice, including Dbp, are hypersensitive to the effect of xenobiotic compounds and show manifestations of early aging (17) .
Summary
Our present and previously published (6) data obtained from the analysis of livers from 5-month-old SAM-P8 mice show similarities (liver xenobiotic metabolism, nervous system pathophysiology) and some dissimilarities (inflammation, lipid metabolism) with published information referring to changes observed in the livers of normally aged rodents.
